After the September 11 attack, the resistant capability of containments against aircraft impacts is required to be assessed for newly constructed nuclear power plants (NPPs). In this paper, the crash of a commercial airplane Boeing 767-200ER on the reinforced concrete containment building of an NPP is analyzed using the missile-target interaction method. Two plane models with the same total weight but different fuel distribution are analyzed. e force-time history obtained by FEA (finite element analysis) is compared with the one calculated by the Riera function. In the integral analysis, the mesh sensitivity of the reinforced concrete containment model is studied, and recommendations are provided on the modelling of containment. e impact phenomenon and damage on the containment are investigated through the validated model. e fuel distribution in the aircraft is found to have strong influence on the damage of the containment, which indicates that the load distribution in the transverse direction is critical in the analysis of aircraft impact. e classic load-time function analysis is unable to incorporate this factor and may not be adequate to provide satisfactory results. For this reason, the application of an integral analysis is advantageous in the safety assessment of aircraft impact.
Introduction
Safety assessment of nuclear power plants subjected to aircraft impact has become a research focus since the terrorist attack in September 11. After the accident, the U.S. Nuclear Regulatory Commission [1] and IAEA [2] have established requirements and safety standards in the design of NPPs to protect the integrity of the containment against deliberate and accidental aircraft crash that is expected during the plant lifetime.
Two approaches are provided by the NRC [1] to evaluate the aircraft impact response of NPP containments. e first is a decoupled method called the load-time function method, in which the aircraft impact force and response of the containment are calculated in separate steps. e second is an integral method called missile-target interaction analysis, in which the coupled model of the aircraft and containment is solved in a single step [3] . Riera [4] developed a one-dimensional model to calculate the impact force of aircrafts striking on rigid flat targets assuming conservation of momentum. e load-time functions of various types of commercial and military aircrafts including A707-320, A320, Boeing 747, Boeing 767-400, and Phantom F4 were obtained using theoretical, numerical, or experimental methods [5] [6] [7] [8] . Containment capacities to withstand these aircraft loadings were widely studied by researchers using load-time function methods [9] [10] [11] [12] . e decoupled method has limitations in evaluating impact scenarios with complexity, such as striking with incident angles. Moreover, the impact area where the load is applied to is not easy to determine. e impact area varies from 1.5 m 2 to 784 mm 2 in various researches [3] , which may result in different response results especially in the local damage. erefore, the integral method was adopted in many recent studies [5-7, 13, 14] . Siefert and Henkel [5] and Zhang et al. [13] carried out analysis using both methods and concluded by comparison that the displacement response calculated by the load-time function method is smaller than that by the integral method. erefore, the application of the integral method is recommended for complex impact scenarios in the design of NPPs.
A wide range of aspects in aircraft impacts were investigated in the recent years. Impact simulations with different geometrical parameters including containment radius, angle of incidence, and impact location were carried out. e influence of these parameters on the global damage response was studied in detail. Abbas et al. [9] observed that the horizontal strike near the junction of a dome and a cylinder is the most critical location. Iqbal et al. [12] and Zhang et al. [13] found that the displacement is the maximum when the crash location is at the midheight of containment (i.e., about 2/3 of the height of the cylinder). Zhang et al. [13] also concluded that the increasing impact velocity as well as decreasing impact angle, wall thickness, and reinforcement ratio results in an increase of impact displacement. Zhang et al. [15] found that the circular section shape of the target decomposes the impact velocity and weakens the impact force and modified the Riera function by including the effect of the dimensionless ratio of nuclear containment radius and aircraft wingspan. Mei et al. [16] and Shin et al. [17] focused on the dynamic vibration response to the aircraft impact.
Damage on containments caused by aircraft impact was evaluated for a number of NPPs. Local or global failure of the containment was observed in several studies. Lo Frano and Forasassi [10] performed a numerical analysis of a Boeing 747-400 aircraft impact into an IRIS containment structure. e results indicated that the outer containment wall was likely to experience local damage, although the overall stability of the containment structure was warranted. Sadique et al. [11] showed that global failure occurred in the Indian BWR Mark-III-type nuclear power plant when it was hit by Boeing 747-400 and Boeing 767-400 aircrafts, while only local damage was observed when it was hit by A320 and A707-320. ai and Kim [7] analyzed the influence of aircraft impact on the auxiliary building as well as the equipment in the building and found that the global and local structural safety of the building was ensured, but the safety of the equipment was not warranted because of the excessive vibration of the building.
In the damage assessment of containments, the mesh size and quality of the containment model are essential for the reliability of the calculated results. In the OECD-NEA Benchmark Project IRIS, which has validated the finite element method for predicting the outcome of missile impact tests realistically, the number of elements through wall thickness was larger than 10 for most of the studies. However, in the missile-target interaction analysis in the literature, only 4 elements through wall thickness were used in the containment model because of the large computational complexity and consumption for an integral analysis. A mesh convergence study was carried out by Sadique et al. [11] for a load-time function analysis. However, studies on mesh sensitivity have not been reported in missile-target analysis, and the validity of coarse models with 4 elements through wall thickness still remains in doubt.
In this study, the crash of a commercial airplane Boeing 767-200ER on a reinforced concrete containment was simulated using the missile-target interaction method. Two Boeing 767-200 models with the same fuel weight but fueled in different tanks were used in the crash analysis. First, the impact of the two planes on a rigid wall was simulated to obtain the load-time functions.
en, a missile-target interaction analysis was carried out to simulate the two aforementioned planes on a nuclear containment. e mesh sensitivity of the containment model used in the integral analysis was studied. With the validated model, the impact phenomenon was investigated and the damage in the containment in the two impact scenarios was compared. e integrity of the containment was evaluated by the acceptance criteria for aircraft impacts.
Numerical Modelling
e impact of Boeing 767-200ER on a containment building is numerically analyzed using the finite element code ABAQUS/Explicit [18] . A detailed FE model of the airplane is developed, and the crash of the airplane on a rigid wall is first calculated in order to validate the airplane model and obtain the load-time function.
en, a missile-target interaction analysis is carried out to investigate the impact phenomenon and assess the damage of the containment during the aircraft impact.
Modelling of an Aircraft.
Boeing 767-200ER is a mid-to large-sized commercial airplane with a length of 48.51 m and a wingspan of 47.57 m. Its operating empty weight, maximum zero fuel weight, and maximum take-off weight are 82 t, 114 t, and 159 t, respectively [19] . e FE model of Boeing 767-200ER developed by Lin et al. [20] shown in Figure 1 is used in the missile-target analysis in the present study. e widely accepted modelling techniques for aircrafts such as those used in A320 [5, 13] and B767-400 [7] are adopted. e model represents the mass and stiffness distribution of the major parts of the airplane. e structural parts including ribs and stingers of the fuselage, wing box and stingers, floor boards, horizontal and vertical tails, engines, and skins are modelled by shell or beam elements. e payload of devices and passengers distributed over fuselage is represented by distributed mass.
It is assumed that the airplane is loaded up to 90% of maximum take-off weight during the crash; that is, the total weight of the model is 143 t, including 29 t of fuel. Two types of fuel distribution are considered in the study. In the first scenario, the airplane is fueled into the left and right main tanks on the wings. In the second scenario, 16 t of fuel is stored in the wing tanks, while the rest is stored in the center auxiliary tank. e two cases are referred to as the wing tank (WT) case and the center tank (CT) case hereafter, respectively. e longitudinal mass distributions for the two cases are shown in Figure 2 . Because of the sweep angle of the wings, variation of fuel distribution in the transverse direction inevitably results in a certain difference in the longitudinal mass distribution. e fuel in the airplane is commonly modelled using the added mass method or smooth particle hydrodynamics (SPH) method. ai et al. [21] found that the impact force slightly increased when the uid e ect was taken into consideration by the SPH method. e increasing factor corresponding to the velocity used in the current study was about 1.25. Since the weight of the fuel is only about 20% of the total aircraft weight, the increase in the force due to the uid e ect of the fuel is small. Furthermore, as reported by Shin et al. [17] , the di erence in the impact force of an aircraft derived by the added mass method and SPH method is acceptable. erefore, in this paper, the fuel distributed over the fuselage and wing tanks is modelled by distributed mass.
e main structural parts are made of high-strength 2024 aluminum and 1006 steel. e mechanical parameters are listed in Table 1 . e Johnson-Cook plasticity model [22, 23] is used to predict the strain and strain rate strengthening behavior of the metals. e stress, strain, and strain rate are related by the following equation:
where σ is the e ective stress, ε is the e ective plastic strain, _ ε * is the normalized e ective plastic strain rate, and n is the work hardening exponent. T * is de ned as
where T, T melt , and T 0 are the current temperature, melting temperature, and room temperature, respectively. A, B, C, and m are material constants. e Johnson-Cook dynamic failure model is applied to describe the material damage and failure. Failure is assumed to occur when the damage parameter exceeds 1. e damage parameter, D, is de ned as
where Δε is an increment of the equivalent plastic strain, ε f is the failure strain, and the summation is performed over all increments in the analysis. e failure strain is given by
where σ * is the pressure-deviatoric stress ratio and the parameters D 1 , D 2 , D 3 , D 4 , and D 5 are material constants.
Once the failure criterion is met, the deviatoric stress components are set to zero and the pressure stress is required to remain compressive for the rest of the calculation. e Johnson-Cook material constants of 1006 steel and 2024 aluminum are listed in Table 2 [24].
Modelling of a Containment.
A typical containment model in a nuclear power plant is used in this study. e containment is composed of a cylindrical wall and a dished head, as illustrated in Figure 3 (a). e inside diameter and the total height of the containment are 50 m and 78 m, respectively. e wall has a constant thickness of 1.5 m at the cylindrical shell and the dome. e shell is reinforced with 40 mm diameter bars spaced at a 200 mm distance at the inner and outer faces of the cylindrical wall as well as the dished head with a concrete cover of 70 mm. e shear reinforcement is provided as 20 mm diameter bars with a space of 200 mm. e FE model of the containment building is illustrated in Figure 3 . Because of the symmetry in geometry and loading of the containment, only half of the structure is included in the FE model. Symmetric boundary conditions are applied on the symmetry plane. 8-node linear brick elements are used to discretize the concrete. In order to allow for varying sizes of mesh on the containment, an O-grid is constructed on the impact region, as shown in Figure 3 (b). Within the "O" region, small-sized and high-quality Science and Technology of Nuclear Installations 3 elements can be generated. Crash analysis of ve models with di erent element sizes is performed to study the mesh sensitivity. e element sizes in the "O" region are 150 mm × 150 mm × 150 mm, 200 mm × 200 mm × 200 mm, 250 mm × 250 mm × 250 mm, 300 mm × 300 mm × 300 mm, and 375 mm × 375 mm × 375 mm which give 10, 8, 6, 5, and 4 elements in the thickness direction, respectively. e element sizes gradually increase to 600 mm in the faraway region where the in uence of the aircraft impact is small for all models. e bending reinforcement is modelled by rebar layers, shown as blue shells in Figure 3 (c), while the shear reinforcement is modelled via truss elements, shown as red bars in Figure 3 (c). e concrete and reinforcement are connected to each other using the "embedded region" constraint in ABAQUS. e element size of the reinforcement in the "O" region is similar to or slightly smaller than that of the concrete elements so that each concrete element contains rebars as recommended by ABAQUS. e mesh sizes of concrete and reinforcement for each case are listed in Table 3 . e damaged plasticity model for concrete in ABAQUS is employed to predict the nonlinear behavior and the damage of concrete structures under dynamic loading. Scalar compressive damage d c and tensile damage d t , which can take values in the range from 0 (undamaged) to 1 (fully damaged), are used to describe the degree of damage. e stress-strain curves under uniaxial compression and tension loading are written as
where E 0 is the initial elastic modulus of the concrete, ε is the total strain, ε pl is the equivalent plastic strain, and σ is the stress. Subscripts t and c refer to tension and compression, respectively. In the current study, the uniaxial stress-strain curves for both tension and compression are taken from the Chinese Code for Design of Concrete Structures [25] . e damage evolution law proposed by Hao et al. [26] is adopted. e damage parameters are written as
where α c and α t are damage parameters depending on material properties which are taken as 0.5 and ε c0 and ε t0 are compressive and tensile strains corresponding to peak compressive stress and tensile stress on the uniaxial stressstrain curve. Under cyclic loading conditions, the degradation of elastic modulus is described by a scalar sti ness degradation variable d, which also ranges from 0 (undamaged) to 1 (fully damaged). e e ective elastic modulus E is calculated by
e scalar sti ness degradation variable d is the combination of tensile and compressive damage parameters, de ned by 
where w t and w c are material properties that control the recovery of the tensile and compressive stiffness related to stress reversals. According to the experiments carried out by Ramtani et al. [27] , tensile cracks are closed when load changes from tension to compression and the stiffness of the concrete is not affected by accumulated damage in tension. erefore, w c � 1 allows for full recovery of compressive stiffness when the load changes from tension to compression. w t � 0 indicates no recovery when the load changes from compression to tension. e material parameters used to define the damaged plasticity model are listed in Table 4 . e effect of the strain rate is incorporated by increasing the static strength by the dynamic increase factor (DIF). e values of DIF are 1.1 and 1.2 for tension and compression, respectively, according to CEB-FIP [28] considering the range of the strain rate in an aircraft impact.
For the steel reinforcement, the classical Johnson-Cook plastic model, as described in Section 2.1, was incorporated to consider the dependence of the yield strength on the strain and the strain rate. e constitutive parameters used to define the material according to Borvik et al. [29] are listed in Table 5 .
Integral Crash Analysis of Boeing 767-200ER
. Based on the above FE models of the airplane and containment building, the impact of the Boeing 767-200ER airplane crashing on the containment is simulated through the missile-target interaction method using ABAQUS/Explicit. e containment is fixed at the base. e aircraft is assumed to strike the containment normally at a height of 40 m, which is approximately half of the total height. is condition is considered the most destructive case as reported by Sadique et al. [11] and Zhang et al. [13] . e initial velocity of the aircraft is assumed to be 150 m/s, which is used by Jeon et al. [30] for structures with relatively low altitude. e time increments range from 3e-7 s to 7e-7 s. It has been demonstrated that further reduction in the time increment does not result in discrepancies in the calculated results.
Validation of the Numerical Model

Validation of the Aircraft Model.
In order to validate the aircraft model and obtain the load of the impact, the crash analysis of Boeing 767-200ER on a rigid wall is carried out using both theoretical and numerical methods.
Calculation of Force-Time History of Boeing 767-200ER.
First, the force-time history is calculated by the FE method. e target flat wall is modelled as a rigid body with all degrees of freedom fixed. e contacts between the aircraft to the rigid wall and the aircraft to itself are considered during the analysis. e contact forces between the wall and the main parts of the airplane, i.e., the fuselage, the engine, and the wings, are obtained separately in the output to study their contributions to the total impact force. e time history outputs of impact forces are smoothed by a low-pass filter with a frequency of 100 Hz. e impact force of Boeing 767-200ER can also be theoretically predicted by the Riera function [4] , which can be written as
where x(t) is the crushed length of the aircraft at time t; a(t) and V(t) are acceleration and velocity of the uncrushed part of the aircraft at time t, respectively; μ(x) is the mass per unit length at location x; and M(x(t)) is the mass of the uncrushed part, calculated by
where L is the total length of the aircraft. P c (x) is the static force required to crush the shell at location x, which does not affect the magnitude of the impact force significantly. P c (x) is taken as 10% of the total impact force F(t) according to IAEA [31] . Based on the above equations and the kinematic relations between crushed length x(t), velocity V(t), and acceleration a(t), the force-time history is obtained through numerical procedures.
In an ideal plastic impact assumed in both the theoretical and the current numerical method, the momentum and impulse are governed by the following equation: where M 0 and V 0 are the initial mass and velocity of the aircraft and T is the total time of impact. e impulse of the numerical results at the end of impact can be checked by equation (10).
Force-Time History
Results. Figures 4 and 5 show the force-time history and impulse curve results of Boeing 767-200ER hitting on a flat rigid wall for WT and CT cases. e dashed lines represent theoretic values calculated by the Riera method, while the solid lines show the numerical results derived by FE models. e contributions of different parts of the plane to the total force are also shown in Figure 4 . e impulse curves derived by the two methods shown in Figure 5 are similar. e difference of the impulse value at the end of the impact is within 2% error compared to the initial momentum of the aircraft, which has validated the numerical model using the principle of momentum in equation (10) . e force-time history curves from two methods generally show good agreement in the overall trend. However, slight differences can still be observed in both magnitude and time distribution. e Riera method predicts a single peak of force during the crash of the wings in Figure 4 (a). But in the numerical results, double peaks which are mainly related to the crash of wings can be observed in this time period. It can be seen from the velocity contour in Figure 6 that as the crushing force decelerates the main structures of the uncrushed part of the aircraft, the wing tips are hardly affected by the interaction force and keep moving with the initial velocity. erefore, the wings are gradually deforming and the sweep angle of the wings is reducing. e relative displacement of the wing tips to the fuselage is almost 4 m when the wings crash onto the wall. As shown in Figure 6(a) , an increased wing mass hits on the wall, which generates the second peak on the force history curve at about 0.175 s. According to the theoretical prediction, the wings are supposed to impact on the wall until about 0.24 s, and the impact force gradually reduces. But it can be seen from Figure 6 (b) that the crush of the wings finishes at about 0.2 s because of the deformation of the wings, after which the interaction force of the wings diminishes. is can explain the abrupt decrease in the interaction force in Figure 4 (a) around 0.2 s. In this sense, the difference between the solid and dashed curves can be mainly attributed to the deformation of the uncrushed part which is not considered in the Riera method.
A comparison between Figures 4(a) and 4(b) indicates that the maximum interaction force is about 30% larger for the CT case. However, when focusing on the impact force related to the fuselage, the maximum force for the CT case is more than 3 times that of the WT case, indicating a much stronger impact in the fuselage region.
With the analysis and validation in this section, the FE model for the Boeing 767-200ER aircraft is regarded as reasonable and is used in the following missile-target interaction.
Validation of the Integral Analysis Model.
In order to validate the modelling of the RC structure and the integral analysis method, a numerical simulation of the IRIS_2010 bending test [32] is carried out with the current modelling techniques. A quarter of the concrete slab and missile of the test are modelled, as shown in Figure 7 . e supporting frame is sufficiently rigid so it is not modelled in detail. Out-of-plane restraint is applied on both front and rear faces along the edges to simulate the simple support condition. Spring elements are applied to model the compliance of the supporting back pipes. e constitutive models for the concrete, reinforcement, and missile are the same as those introduced in Section 2. e material constants corresponding to the experiment [33] are adopted. e stress-strain relation for concrete under compressive stress is defined according to test results [33] . e stress-crack opening relation recommended by Hordijk [34] is used to describe the tension behavior of the concrete. e missile impacts the concrete slab with a velocity of 110 m/s. e deformation of the missile is shown in Figure 8 . e missile is shortened by 935 mm if the folded part is taken into consideration and 1154 mm if it is neglected according to numerical analysis. e number of folds is 22. e simulation results are in good agreement with the measured values in the experiment, which are 971 mm, 1156 mm, and 22, respectively. e calculated displacements and strain are compared to the experimentally measured data of the displacement sensors 1 and 4 and the strain gauge 2 on the front surface [32] in Figures 9 and 10 . e maximum slab displacement and strain in the front surface match well with the experimental results.
Results of Missile-Target Interaction Analysis
Results of Mesh Convergence Analysis.
e displacementtime histories of the node on the inner surface of the containment at the center of the impact region (point A in Figure 3 ) are plotted in Figure 11 for cases 1, 3, 4, and 5. For case 5, which gives 4 elements through wall thickness, the local deformation is underestimated by about 15%. As the mesh is refined, the deformation results converge to a unique solution. For cases 1-3, the maximum error in deformation is less than 5%. erefore, the mesh with 6 elements through wall thickness provides satisfactory deformation results in an integrated analysis. Figure 12 shows the strain contour of the models with various meshes. e strain is obviously dependent on mesh sizes. Since the strain gradient along the thickness direction is quite large, 8 layers of elements are required to describe the strong variation of stress and strain in the thickness. Otherwise, the strain on the outer surface is likely to be underestimated, as shown in Figures 12(c) to 12(e). e above results indicate that the mesh density widely used in previous studies in the literature may not be adequate to predict the response of the containment accurately. A mesh with element sizes no larger than 200 mm which gives at least 8 elements through wall thickness is recommended at the impact region for a missile-target interaction analysis with similar configurations.
Impact Phenomenon.
e impact phenomenon and damage evolution of the WT case are described in this section. 6 Science and Technology of Nuclear Installations As shown in Figure 11 , the deformation slightly increases during the impact of the fuselage before 0.1 s. After the wings begin to crash on the containment at about 0.11 s, the deformation signi cantly increases. e deformation in the containment reaches the maximum value at about 0.25 s when the impact of the wings is nished. After that, the velocity of the aircraft as well as the impact force drops signi cantly and the elastic deformation gradually recovers, while the plastic deformation remains in the concrete. Figure 13 shows the snapshots of the impact and the contours of the sti ness degradation variable d, de ned by equations (6) and (7) , on the containment at 0.10 s, 0.15 s, 0.20 s, 0.25 s, 0.27 s, 0.30 s, and 0.40 s. e impact of fuselage during 0 s∼0.1 s only causes moderate damage on the containment (see Figure 13(a) ). Once the wings crash on the containment, the damage grows signi cantly. In the impact region, the stress is dominated by the compression load. At a distance to the impact region, the stress is dominated by the bending load. Large tensile stress is generated on the outer surface of the containment around the impact region, and tensile damage can be observed. Figure 14 shows the time history of the circumferential stress at a typical point on the Figure 13 ), which is away from the impact region of the fuselage. During the impact of the fuselage, tensile stress is observed at point B. When the wings begin to crash, point B is located in the impact region. e stress state turns from tension to compression, making the open cracks to close. Sti ness recovery (i.e., reduction in d) can be observed in these regions. Although the concrete in these regions can no longer sustain tensile loads, the resistant capacity still remains when the load is compressive. Besides the damage around the impact area, tensile damage is also observed at the bottom of the containments, which is related to the bending moment caused by the aircraft impact force. It can be seen from Figure 13 of the reinforcement generates a compression load on the cracks, which also leads to crack closure and the decrease of deformation of the containment. At the end of the crash, a large number of open cracks are closed and sti ness is largely recovered.
E ects of Fuel Distribution.
e analysis results of two scenarios with di erent fuel distribution, i.e., WT and CT cases, are compared in this section. e displacement-time histories of point A (see Figure 3 ) on the containment for the two cases are shown in Figure 15 . e equivalent plastic strain distribution on the inner surface of the containment along a circumferential path through point A at 0.25 s for the two cases is shown in Figure 16 . e X-axis is the distance to point A. Although the total mass of the two aircraft models is the same and the maximum magnitude of force-time history di ers by only about 30%, the damage results are signicantly di erent. e maximum displacement and strain of the concrete in the CT case are, respectively, about 2.1 and 10 times larger than those in the WT case. e above results indicate that the spanwise mass distribution is critical in an aircraft impact analysis. If the mass is highly concentrated, severe local damage may occur in the impact region. On the contrary, if the mass is evenly distributed in the transverse direction, the increased impact area reduces the peak value of impact forces which helps to raise the resistant capacity. In a classic decoupled analysis, the spanwise mass distribution is not incorporated. erefore, the method is not able to provide corresponding results for airplanes with various spanwise mass distribution. is may lead to considerable inaccuracy in prediction of damage. For this reason, a decoupled analysis with separated impact forces of components (i.e., fuselage, engine, and wings) applied as pressure loads on their projected area may help to increase accuracy. e application of an integral analysis is the most recommended way to fully incorporate the e ect of mass distribution in the transverse direction in the safety assessment of the aircraft impact.
Damage Evaluation of the Containment.
e resistant capacity of the containment building against crash of the airplane for both the WT case and the CT case is evaluated in this section according to the numerical results. e acceptance criteria for design extension event 1 (DEE1) de ned by IAEA [31] are applied to evaluate the damage on the containment. In DEE1, local inelastic deformation and damage in the structure are accepted as long as the basic safety function of the containment is ensured. e failure criteria in DEE1 are that the compressive principal strain is less than 0.005 for concrete and the tensile strain is less than 0.05 for the steel reinforcement. Tensile cracking of the concrete is acceptable as long as the tensile forces are transferred to the reinforcement and the strain limit for the reinforcement is not exceeded. Besides, the 0.005 limit for the shear strain in the concrete required by NRC [1] is also applied to assess the integrity of the containment. Figure 17 shows the compressive strain, shear strain, and compressive damage in the concrete as well as the tensile strain in the bending reinforcement at 0.25 s, corresponding to the timepoint of maximum deformation for the WT case. e outer face of the concrete which is in direct contact with the airplane su ers the most serious damage during the impact. e shear strain exceeds the limit (shown by the gray color in Figure 17(b) ), and the compressive damage is close to 1 in this area. Outside this local region, the compressive damage is much less than 1. e damaged area on the outer surface is about 1.3 times the projected area of the airplane. e maximum thickness of the concrete that su ers from compressive damage in the impact regions of the fuselage and the engine is about 550 mm and 410 mm, respectively. On the inner face of the concrete, the shear strain is slightly greater than the limit in the impact area. However, complete shear failure through the wall is not observed. erefore, shear capacity still remains. e tensile strain in the reinforcements, shown in Figure 17(d) , is much less than the limit. erefore, the tensile cracking in the concrete is acceptable. In this scenario, the impact results in limited local failure without perforations. Since the bearing capacity of the reinforcement is ensured and the deformation of the containment is limited, neither collapse nor overturning is observed in the structure. e overall stability of the containment is maintained. e strain and damage at 0.25 s for the CTcase are shown in Figure 18 . A comparison between Figures 17 and 18 indicates that the fuel distribution has a strong e ect on the damage distribution. In the impact region of the fuselage, the damage is much more severe in the CT case, while in the impact region of the wings, the in uence of the crash for the CT case is relatively small. As shown in Figures 18(a) and 18(b), both the compressive strain and shear strain exceed the limit values throughout the wall thickness (shown by the dark gray color in Figure 18 (a) and the gray color in Figure 18(b) ). Although the concrete is severely damaged, the tensile strain in the reinforcement is basically within the limit value (see Figure 18(d) ). erefore, the overall stability is ensured in this case.
Conclusion
In the present study, an integral numerical analysis of impact of a commercial airplane Boeing 767-200ER on a reinforced containment building of a nuclear power plant is carried out. e force-time history of the airplane obtained by numerical analysis is in good agreement with the Riera function. e slight di erence in the two results is due to the self-deformation of the airplane which is not incorporated in the Riera method. e integral analysis model is validated by simulating the IRIS_2010 experiment. A mesh sensitivity study of the containment model suggests that, in an integral analysis, a mesh that gives 8 elements through wall thickness is essential to provide satisfactory results. e validated model is used to study the impact phenomenon. e evolution of the damage on the containment is shown by the numerical results. Tensile damage is observed around the impact area and the fixed base of the containment during the impact. However, the crack opening is closed as the load changes from tension to compression at the end of the impact. e impact analyses of two plane models with the same total weight but different fuel distribution are carried out. Obvious differences in the displacement and damage are observed in the two cases. In the WT case, the containment only suffers from limited local damage, while in the CT case, the concrete fails though the wall in the impact region. e result shows that the mass distribution in the transverse direction is a critical parameter in an aircraft impact. An integral analysis is able to incorporate this factor and therefore provides more accurate results in the safety assessment of an aircraft impact than a classic load-time function analysis.
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